Processes utilizing aqueous amine solvents for chemical absorp-46 tion of carbon dioxide (amine-CO 2 -H 2 O systems) are considered to 47 be a robust separation technology to remove carbon dioxide (CO 2 ) 48 from flue gas streams and will probably be deployed on a large 49 scale in the years to come (Rochelle, 2009 ). However, the energy 50 demands for CO 2 desorption and amine regeneration, corrosive 51 nature of amines and their degradation represent the main draw-52 backs which limit their application (Ahn et al., 2011a) . For rational 53 improvement of the efficiency of post-combustion capture (PCC) 54 by amine solvents and developments of new absorption systems, 55 an accurate understanding of the underlying chemical processes 56 (such as reaction kinetics, equilibria present and thermodynam-57 ics) involved in the capture and release of CO 2 is needed (Conway 58 et al., 2012) . In the context of PCC development, vapour-liquid 59 equilibrium (VLE) models are critical tools for development and 60 optimization of the gas-liquid absorption process (Faramarzi et al., 61 2009; Kontogeorgis and Folas, 2009 ). However, predictive thermo-62 dynamic VLE models are dependent on accurate determination of 63 solvent composition and such data are often inferred through mea-64 surement of related variables that extend the data available for 65 fitting. Nuclear Magnetic Resonance (NMR) spectroscopy allows 66 direct access to the chemical composition of CO 2 capture solvents 67 (speciation) and therefore more object functions usable for fitting 68 parameters are provided. Furthermore, by monitoring speciation 69 of the whole cyclic process of CO 2 capture, it is possible to obtain 70 information on reaction mechanisms, kinetics of reaction, factors 71 influencing reaction conditions (such as the chemical structures of 72 the amines), amine capacities and CO 2 solubility (Jakobsen et al., 73 2008; Yang et al., 2009 ).
74
Before entering more detailed issues, a few words about NMR 75 spectroscopy is useful as background. NMR is a non-invasive 76 analytical technique which allows the study of atoms that have 77 nuclei with a magnetic moment (i.e. a spin quantum number of 78 the nucleus different from zero). Some examples are the follow-79 ing isotopes: 1 H, 13 C, 15 The absorption of CO 2 in aqueous amine solvents involves sev-119 eral parallel reactions that give rise to a large number of species in 120 the liquid phase (Eqs. (1)- (7)).
121
Reaction rates and equilibrium constants for the water dissoci-122 ation (1), the hydration of CO 2 (2), dissociation of carbonic acid (3) 123 and bicarbonate (4) are known (Edsall, 1969; Pocker and Bjorkquist, 124 1977), as well as the protonation constants for many amines (5) 125 (Hamborg and Versteeg, 2009; Perrin, 1965 In contrast, the reaction between tertiary (and some steri-139 cally hindered) amines and CO 2 can be described with the base 140 catalysis of CO 2 hydration as proposed by Donaldson and Nguyen 141 (Donaldson and Nguyen, 1980; Fernandes et al., 2012) and loadings 142 of 1.0 mol CO 2 /mol amine are achieved in the following way:
Reaction (7) is more efficient than 6 in terms of CO 2 absorption 145 capacity, but reactions of primary and secondary amines with CO 2 146 show faster kinetics. However, during the CO 2 desorption/amine 147 regeneration step, the energy demand for the reverse of 6 is higher 148 than 7 due to the stability of carbamates (Sartori et al., 1987) . A con-149 siderable number of publications on carbamate formation are found 150 in literature, but only a few of these propose empirical reaction 151 mechanisms that adequately model the measured gas absorption 152 data (Caplow, 1968; Crooks and Donnellan, 1989; Versteeg et al., 153 1996) . Experimental evidence of the chemistry associated with car-154 bon dioxide and aqueous amine solvents (mechanism of reaction, 155 equilibrium and rate kinetics constants) and of the factors that 156 influence carbamate formation is still scarce (Aroua et al., 1997; 157 McCann et al., 2009b) . Quantum mechanical modelling has pro-158 vided some insight into the chemistry and possible mechanistic 159 pathways, but still needs experimental validations (Arstad et al., 160 2007; da Silva and Svendsen, 2004; Guido et al., 2012; Iida and 161 Sato, 2012; Maiti et al., 2011) .
162
At the present, most of the NMR studies on amine-CO 2 -H 2 O 163 systems deal with alkanolamines, which are the most common 164 chemical absorbents for the removal of acid gases. In addition, 165 ammonia (Ahn et al., 2011a,b; Holmes et al., 1998; Mani et al., 166 2006; Pellegrini et al., 2010; Rowland et al., 2011) , amino acid 167 (Ciftja et al., 2013; Hartono et al., 2011; Hook, 1997; Xiang et al., 168 2012) and various other amine systems have also been examined 169 by NMR (Conway et al., 2012; Fernandes et al., 2012; García-Abuín 170 et al., 2012; Hartono et al., 2006; Kim et al., 2011a; McCann et al., 171 2011b; Mergler et al., 2011; Paul et al., 2008; Yang et al., 2012) . 172 Among the latter, piperazine (PZ), a cyclic diamine, is the most 173 commonly studied (Bishnoi and Rochelle, 2000, 2002; Böttinger 174 et al., 2008; Conway et al., 2013; Cullinane and Rochelle, 2005; 175 Derks et al., 2010; Ermatchkov et al., 2003; Hartono et al., 2013; 176 Kim et al., 2011b) . et al., 2011a,b; Barth et al., 1984; Böttinger et al., 2008; 228 Bottinger and Hasse, 2008; Chakraborty et al., 1986; Holmes et al., 229 1998; Jakobsen et al., 2005; Ma'mun et al., 2006; Shi et al., 2012b) 230 and to obtain information on species distribution for investi- Ballard et al., 2011; Barzagli et al., 2009 Barzagli et al., , 2010 Barzagli et al., , 2011 Ciftja et al., 234 2012; Goto et al., 2011b; Yamada et al., 2012; Hook, 1997 
237
Concerning 1 H NMR analyses, quantitative experiments are 238 combined with quantitative 13 C data in order to confirm speci-239 ation (Ballard et al., 2011; Böttinger et al., 2008; Bottinger and 240 Hasse, 2008; Kim et al., 2011a; Ma'mun et al., 2006) and some 241 kinetic and equilibrium studies on primary, secondary and steri-242 cally hindered amines deal with speciation calculated only by using 243 1 H NMR data (Conway et al., 2013 (Conway et al., , 2011 (Conway et al., , 2012 Ermatchkov et al., 244 2003; Fernandes et al., 2012; McCann et al., 2009a McCann et al., ,b, 2011a Xiang 245 et al., 2012) . As with the quantitative 13 C experiments, quantita-246 tive 1 H NMR data are also used in studies where the main goals are 247 the development of thermodynamic models (Bishnoi and Rochelle, 248 2000 Rochelle, 248 , 2002 Cullinane and Rochelle, 2005; Derks et al., 2010; Fan 249 et al., 2009; Hartono et al., 2013) . The sensitivity of NMR spectroscopy is considered to be well 252 suitable for engineering applications, as reliable quantification of 253 peak area fractions down to 0.05% is possible (Maiwald et al., 2003) . 254 To achieve accuracy with an error of less than 1.0% it is important to 255 set proper NMR parameters so that the intensities of the peaks can 256 be directly linked to the amount of species. Some features of specific 257 importance are the setting of the recycle delay time between each 258 pulse, which must be at least 5 times the longest T 1 of the nuclear 259 spins in combination with a 90 • pulse angle. Further, to improve 260 the integration accuracy, a signal to noise (S/N) of circa 250:1 is 261 recommended and it can be achieved by setting a proper number 262 of scans (also known as transients). Concerning the selection of 263 the pulse sequence, the single-pulse NMR sequence is widely used 264 to acquire quantitative 1 H NMR spectra, while for quantitative 13 C 265 NMR experiments, the inverse gated decoupling sequence is a good 266 choice to annul the differential Nuclear Overhauser Effect (NOE) 267 which creates an influence by neighbouring hydrogen atoms on 268 the 13 C signal integral and therefore precludes quantitative analy-269 ses. With the necessary precautions to ensure that the acquired data 270 reflects the relative ratios of the species within the sample, appro-271 priate processing of the spectra can further enhance the results 272 (Bharti and Roy, 2012; Claridge, 1999) . Usually, in these studies reported above, the number of scans and so on.
312
In some other papers, even if the T 1 values are not reported, − /CO 3 2− and NH 2 COO − , respectively. Actu-326 ally, in this last study NMR spectra were used to determine the 327 ratios between carbamate and carbonate/bicarbonate signals and, 328 by using a short recycle delay, a 6% of variation in the area ratios 329 between the peaks was found (Holmes et al., 1998) . Similarly, in 330 2011 Goto et al. reported quantitative 13 C NMR spectra obtained 331 with a recycle delay of 30 s and 400 scans because, also in this case, 332 only the ratios between amine carbamate and carbonates signals 333 were considered (Goto et al., 2011a,b) . Indeed, observations that 334 the 13 C of carboxylic functional groups of amine carbamate and of 335 bicarbonate/carbonate have similar relaxation times justify the use 336 of a recycle delay shorter than 5 times the longest T 1 since only their 337 ratios are evaluated.
338
In other studies, when a short recycle delay was set, a higher 339 number of scans was used, like e.g. recycle delay of 30 s and 340 2000-3000 scans (Barzagli et al., 2009 (Barzagli et al., , 2010 Park et al., 2003) . In 341 particular, in the studies by Barzagli et al., only the relative peak 342 areas of the 13 C atoms of the CH 2 CH 2 amine backbone were taken 343 into consideration, leading to quantification of the carbamate and 344 amine species, but hence not of the carbonates.
345
Concerning the errors and uncertainty in quantitative NMR anal-346 yses, there is little information in the papers of this review. The 347 uncertainty in the determination of areas of different peaks within 348 the same molecule was found to be 1-3% in 1 H NMR (Böttinger 349 et al., 2008; Hartono et al., 2013; McCann et al., 2009b) and 2-5% 350 in 13 C NMR spectra (Barzagli et al., 2009; Böttinger et al., 2008) . 351 Concerning the error propagation in the species calculation, this 352 was found to be ±0.1%, whereas that in the determination of the 353 area of peaks using the curve fitting was found to be ±1% (Ciftja 354 et al., 2013) . In some other papers, the error in percent of the 355 calculated number of moles was evaluated with respect to the total 356 moles given by the sample preparation. In Jakobsen et al. (2005) (Cullinane and Rochelle, 2005; Ermatchkov et al., 2003) . , 2011a,b; Barzagli et al., 2009 Barzagli et al., , 2010 Barzagli et al., , 2011 Mani et al., 2006) , 408 3-(trimethylsilyl)-propionic acid sodium salt (Conway et al., 2012; 409 Fernandes et al., 2012; McCann et al., 2009a McCann et al., ,b, 2011b Xiang et al., 410 2012) or tetramethylsilane. (Barth et al., 1984; Yamada et al., 2012; 411 Jakobsen et al., 2008; Yang et al., 2009) exchanging proton species appear with a common peak. In par-420 ticular, it is not possible to distinguish between molecular and 421 protonated forms of the amines, as well as between bicarbonate 422 and carbonate, and only the sum of their concentrations can be 423 quantified by NMR (Fig. 2) . However, to assess the relative amount 424 of each of them, various methods have been utilized.
425
In 1996, Suda and Mimura calculated the distribution of all the 426 chemical species in amine-CO 2 -H 2 O solutions by combining the 1 H 427 peak area of carbamate and amine/protonated amine to the charge 428 and material balances, and dissociation constants and ion product 429 of water (Suda and Mimura, 1996) . Later, in 1998 Holmes et al. 430 performed 13 C NMR analyses of ammonia-CO 2 -H 2 O mixtures and, 431 by taking into account the peak positions, the area ratios and the 432 carbon balance, they presented a method to calculate the concen-433 trations of carbonate, bicarbonate and carbamate (Eqs. (8)- (10)) 434 (Holmes et al., 1998 
In these formulas ( (8)- (10) (Ciftja et al., 2011) . In this last case, the 448 molecular and protonated amines were determined according to 449 the dissociation constant of the amine and to the pH measured for 450 each loaded sample, as also reported in some other NMR studies 451 (Fan et al., 2009 ).
452
To calculate the relative amounts of two rapidly equilibrating 453 components showing a common signal in the NMR spectra, cali-454 bration experiments have also been carried out. Standard aqueous 455 solutions of free amine and protonated amine (amineH + ), as well as 456 of HCO 3 − and CO 3 2− , are prepared and mixed in different appropri-457 ate ratios and the variations in chemical shifts are plotted against 458 the variable parameter. In general, for amines it is observed that 459 the protonation has a major effect on atoms distant two covalent 460 bonds from the site of protonation. Specifically, the signals of the 461 carbon in beta and of the proton in alpha position to the nitrogen 462 of amines are more influenced by protonation than other nuclei, 463 resulting in significant changes in the chemical shift (Jakobsen et al., 464 2008) . Concerning the carbonate species, increasing the bicarbon-465 ate/carbonate ratio leads to a shift towards lower ppm values of 466 the signal in the 13 C NMR spectra. The first time such calibration 467 experiments were reported dates back to 1982, where Abbott et al. 468 acquired 13 C NMR spectra of CO 2 (aq), HCO 3 − (aq) and CO 3 2− (aq) 469 for a wide range of pHs (Abbott et al., 1982) . Later, in 2003, Park et al. 470 identified protonated organic species by comparing the 13 C NMR 471 spectra of the loaded amine solutions with those of aqueous amine 472 solutions prepared by adding different aliquot of hydrochloric acid 473 (HCl) (Park et al., 2003 distribution and hypothesis on reaction mechanism, as well as for 540 kinetic and thermodynamic tasks.
541
Typically, in a MEA-CO 2 -H 2 O system, at increasing CO 2 load-542 ings, an increment of amine carbamate is observed, as well as 543 of bicarbonate and protonated amines. At CO 2 loadings higher 544 than 0.5 mol CO 2 /mol MEA, the protonated amine concentration 545 continues to rise at the expense of carbamate, and the released car-546 bon dioxide will react to bicarbonate (Bottinger and Hasse, 2008; 547 Jakobsen et al., 2005) . Characteristic 1 H and 13 C NMR spectra of 548 MEA at varying CO 2 loadings are shown in Fig. 3 (Fan et al., 2009) 549 and Fig. 4 (Jakobsen et al., 2005) , respectively.
550
A common feature observed is that by varying the CO 2 loading 551 most of the NMR signals change positions. The signals correspond-552 ing to the nuclei of MEA/MEAH + shift to the left (high ppm values) 553 in the 1 H NMR spectra and to the right (low ppm values) in 13 C 554 NMR spectra, due to an increase of protonated amines. On the other 555 hand, the 13 C signal corresponding to HCO 3 − /CO 3 2− moves towards 556 lower chemical shifts, due to an increase of bicarbonate concentra-557 tion. Concerning the carbamate species, the change in 1 H and 13 C 558 chemical shifts at increasing CO 2 loadings is much smaller than that 559 observed for the amines. In this regard, by a 1 H NMR investigation, 560 McCann et al. in 2011 suggested that the COO − group of carba-561 mate amine is protonated ( COOH), rather than the nitrogen group 562 as previously suggested with the zwitterionic mechanism (Caplow, 563 1968; McCann et al., 2011b) .
564
Similarly, quantitative and qualitative information on 565 amine-CO 2 -H 2 O reaction products with different chemical 566 structures, such as secondary, tertiary and sterically hindered 567 amines, can be gathered by the analyses of NMR spectra. For 568 instance, Choi et al. in 2011 performed a 13 C NMR study on AMP, 569 a primary steric hindered amine, and MDEA, a tertiary amine, and 570 demonstrated that the absorption reactions involve completely 571 different mechanisms. AMP and MDEA have high absorption 572 capacities and follow the same pathway (Eq. (7)) in absorbing 573 CO 2 . MDEA shows a high bicarbonate concentration even at low 574 loadings, whereas in AMP solutions the bicarbonate concentration 575 increases at increasing loadings as primary and secondary amines 576 (Choi et al., 2012) .
577
Ammonia solutions have also been investigated and the anal-578 yses of the NMR spectra have led to hypothesis on the reaction 579 mechanism. In particular, it has been observed that as the absorbed 580 amount of CO 2 in the ammonia solution increases, the carbamate 581 peak decreases, but that of bicarbonate/carbonate increases. More-582 over, by the drop in pH, the amount of bicarbonate increases, as it 583 is detected in the NMR spectra where the bicarbonate/carbonate 584 with some degree of intramolecular hydrogen bondings which 612 could influence the absorption reactions (Jakobsen et al., 2008 Mixed amines have become attractive because the best char-616 acteristics of the single amines can be combined to improve 617 the efficiency of CO 2 absorption (like e.g. increasing the rate of 618 absorption). Problems of data analyses might appear due to the 619 larger complexity of the solutions but, even if the spectra can 620 be quite complex, information from 13 C NMR experiments on 621 the species distribution in the liquid phase of amine mixtures 622 can be gathered. Blends of PZ and MDEA have found widespread 623 consideration due to the high absorption rate of PZ (which rate 624 constant is found to be a factor of 10 higher than that of other 625 alkanolamines, such as MEA) and the low reaction enthalpy of 626 MDEA (Bishnoi and Rochelle, 2002; Fu et al., 2012) . The NMR stud-627 ies on this type of blends are mainly dealing with the species 628 distribution for input to thermodynamic models (Bishnoi and 629 Rochelle, 2002; Böttinger et al., 2008; Derks et al., 2010) . In 630 these works the species have been quantified by 1 H (Bishnoi and 631 Rochelle, 2002; Derks et al., 2010) and/or 13 (Böttinger et al., 640 2008) . This study points out that, although the high potential of this 641 blend, degradation and secondary products can be issues of concern 642 for its application in PCC technology. However, hypothesis on reac-643 tion mechanisms could lead to a rational design of amine/blended 644 amine systems according to the demands in this field.
645
Recently, Ballard et al. have published a NMR study on the reac-646 tion of CO 2 with a series of mixed aqueous amine systems (MEA, 647 N-methylethanolamine (MMEA), MEA-PZ, MEA-MDEA, MMEA-PZ). 648 13 C NMR experiments were performed to calculate carbamate and 649 bicarbonate concentrations (it was assumed that no carbonate was 650 formed) at increasing loadings and reaction time. Quantitative 1 H 651 NMR experiments were used to confirm 13 C quantitative results, 652 whereas HSQC NMR spectra were performed to define or con-653 firm structures. Observation of trends of the species distribution in 654 blended amines-CO 2 -H 2 O systems led to the following hypothesis 655 on the mechanism of reaction: For primary and secondary amines 656 the relative rates of reaction of each amine are not just a measure of 657 the rate coefficients for carbamate formation, but more a reflection 658 of the relative thermodynamic stabilities of each amine carbamate 659 (Ballard et al., 2011) .
660
A qualitative 13 C NMR study on amine aminoacids salts, 661 which are an attractive alternative to alkanolamines, is also 662 found in literature (Hartono et al., 2011) . In order to observe 663 the neutralization effect of the aminoacids in loaded samples, 664 sarcosine (SAR) was blended with organic and inorganic bases, 665 3-(methylamino)propylamine (MAPA) and potassium (K + ), respec-666 tively. It was observed that, in the presence of CO 2 , the MAPA-SAR 667 system showed more species than the SAR-K system and was 668 explained to be probably due to the presence of the carbamate 669 species coming from the reaction of CO 2 with both SAR and MAPA, 670 which limits the complete neutralization of the aminoacids by 671 blending equinormal amounts.
672
Moreover, 13 C NMR spectroscopy has also been applied to iden-673 tify reaction product species in a study on the mass transfer of CO 2 674 into aqueous ammonia with a series of promoters (Rowland et al., 675 2011).
676
The application of NMR spectroscopy on blended amines and (Yang et al., 2012) . and CO 3 2− in both absorber and desorber solutions. In order to 742 take advantage of the great absorption efficiency of AMP and great 743 desorption efficiency of MDEA, these two amines were also stud-744 ied in a mixture. An overall increased efficiency of the blend was 745 observed and it was tentatively explained as due to the cooper-746 ative effects of the higher basicity of AMP, which increases both 747 absorption efficiency and bicarbonate formation, and of the higher 748 acidity of protonated MDEA, which facilitates amine regeneration 749 according to reaction 16 (Barzagli et al., 2010) .
Concerning the thermal stability of amines at typical desorption 752 temperatures, Barzagli et al. have performed 13 C NMR analyses to 753 identify degradation products. They heated desorbed DEA, MDEA 754 and AMP solutions for 14-16 days at 403.15 K or for 10 days at 755 388.15 K. In the 13 C NMR spectra no degradation products in either 756 AMP and MDEA solutions were detected, while an amine degra-757 dation of about 0.4%/day in the DEA solutions was observed in 758 both type of heating experiments. The degradation products were 759 not identified due to a detection limit of 13 C NMR spectra analysis 760 estimated to be about 0.5% (Barzagli et al., 2010 (Barzagli et al., , 2011 . The calculation of carbamate stability equilibrium constants is a 763 fundamental and important task because of the crucial role played 764 by the carbamate formation reaction in the chemical systems under 765 study. It is indispensable for determining and/or modelling the 766 vapour-liquid equilibria in the CO 2 absorption process and for the 767 calculation of the thermodynamics of the carbamate formation 768 (Bishnoi and Rochelle, 2000; Conway et al., 2011; Ermatchkov et al., 769 2003; Fernandes et al., 2012; Jakobsen et al., 2005; McCann et al., 770 2011a) . For equilibria in solution, activities of the chemical species 771 are related to the ideal concentration by correction factors, called 772 activity coefficients ( ), and the equilibrium constants measured 773 in an ideal solution can be used to predict equilibria in non-ideal 774 solutions. The carbamate stability constant (K c ) can be expressed 775 as follows:
In Table 1 , the values of carbamate stability constants (log K c ) 778 calculated from NMR data are reported. The distinction between 779 log K c (activity based) and apparent log K c (non-activity based) 780 is shown in different columns. All the constants are deter-781 mined on a molar scale (mol/l), with the exception of the PZ 782 log K c = 1.80 (mol/kg based) (Ermatchkov et al., 2003) and AMP 783 log K c = −0.33(molar fraction based) (Ciftja et al., 2011) .
784
For most of the studies no efforts have been made to experimen-785 tally distinguish the protonated and free form of amines, as well as 786 carbonate and bicarbonate, which in addition do not have resonat-787 ing protons in 1 H NMR spectra. For PZ the possibility of forming the 788 dicarbamate species is also explored and, based on 1 H NMR data, 789 the equilibrium constant at 298.15 K is estimated to be 2.62 E −6 790 (molar fraction based).
791
The carbamate stability constants calculated by Jakobsen et al. 792 in 2005 are provided in Table 2 because these values are reported 793 differently. In this study the NMR data is treated as follows: 794 the activity based carbamate stability constants are measured at 795 (Conway et al., 2011 (Conway et al., , 2012 (Conway et al., , 2013 McCann et al., 2009b; Xiang et al., 818 2012) . For instance, in McCann et al., 2009 , kinetics studies were 819 performed by rapidly mixing aqueous solutions of MEA/HCl and 820 solutions of KHCO 3 at different pH conditions. The establishment 821 of equilibria was monitored by automatically acquiring 1 H NMR 822 spectra at intervals appropriate for the rate of reaction and the con-823 centrations of MEA/MEAH + and MEA carbamate were determined 824 as a function of time. Analysis of the data consisted of non-linear 825 data fitting and all the kinetic measurements, which included NMR 826 and stopped flow data, were analyzed in one global analysis and 827 the rate constants were calculated (McCann et al., 2009b) .
828
In Table 3 , the rate constants for the reversible reactions of car-829 bonic acid, bicarbonate and carbon dioxide with MEA are reported 830 (Conway et al., 2011 (Conway et al., , 2012 McCann et al., 2009a,b) . 
Conclusions

832
In order to advance the development of CO 2 capture tech-833 nologies utilizing absorption by aqueous amine solvents, detailed 834 understanding of chemical reaction equilibria, kinetics and ther-835 modynamics are important. Hence, detailed knowledge of the 836 species (identification and quantification) formed in single and 837 blended amine-CO 2 -H 2 O systems during the absorption and 838 desorption/regeneration steps is required. In this regard, NMR 839 spectroscopy has been applied with success for speciation in such 840 systems in order to gather information on the compound distribu-841 tion at equilibrium conditions.
842
NMR spectroscopy is hampered by relative low sensitivity 843 and, especially for quantitative purposes, measurement times may 844 therefore be long (such as hours for 13 C NMR experiments). How-845 ever, with proper NMR experiment parameters and analyses, quite 846 accurate results and detailed insight of the chemical equilibria and 847 dynamics of the involved species can be provided.
848
Most NMR works are based on samples withdrawn from equi-849 librated amine solutions, but also studies in which the reactions 850 are directly monitored with NMR are found in literature, such as 851 pressure or temperature dependent experiments and some kinetic 852 studies.
853
Table 3
Kinetic constants for MEA-CO2-H2O system derived from 1 H NMR data.
Reaction
Rate constants for forward-reactions Rate constants for back-reactions Table A1 .
